As one of the key enabling technologies, industrial biotechnology has a high potential to tackle harmful CO 2 emissions and to turn CO 2 into a valuable commodity. So far, experimental work mainly focused on the bioconversion of pure CO 2 to chemicals and plastics and little is known about the tolerance of the bioprocesses to the presence of impurities. This work is the first to investigate the impact of real CO 2 -rich off-gases on autotrophic production of polyhydroxybutyrate. To this end, two-phase heterotrophic-autotrophic fermentation experiments were set up, consisting of heterothrophic cell mass growth using glucose as substrate followed by autotrophic biopolymer production using either pure synthetic CO 2 or industrial off-gases sampled at two point sources. The use of real off-gases did not affect the bacterial performance. High biopolymer content (up to 73%) and productivities (up to 0.227 g/lh) were obtained. Characterisation of the polymers showed that all biopolymers had similar properties, independent of the CO 2 source. Moreover, the CO 2 -derived biopolymers' properties were comparable to commercial ones and biopolymers reported in literature, which are all produced from organic carbon sources.
INTRODUCTION
The 2030 framework for climate and energy policies contains a binding target to cut greenhouse gas emissions in EU territory by at least 40% below 1990 levels by 2030, and has the ambition to further reduce them by 80%-95% by 2050. As theoretical limits of efficiency are being reached and process-related emissions are unavoidable in some sectors, there is an urgent need to develop efficient carbon capture systems. In the past, most research focused on the capture and storage of carbon dioxide (CO 2 ), also referred to as carbon capture and storage (CCS). CCS is a technology directed to CO 2 abatement and removes carbon from the economy. The vast majority or probably all of the CCS approaches lead to expensive and energy intensive processes, hampering their industrial implementation. Rather than just storing CO 2 , an alternative would be to recognise that it is a valuable source of carbon that can be utilised in the production of commercially valuable products. This is known as carbon capture and utilisation (CCU) . Since the use of CO 2 as a carbon feedstock has the potential to create attractive business cases for production of chemicals and plastics, more and more novel CCU technologies are being reported and the range of CO 2 -derived products is expanding.
Currently, about 8% of all oil is used in Europe in the chemical industry, of which 5%-6% for plastic production (PlasticsEurope 2016) . Replacing oil by a renewable feedstock is thus an interesting opportunity to remove fossil carbon from the economy. The share of bioplastics was however only 1% of about 300 million tonnes of polymer production in 2016 in Europe. But as demand is rising and more sophisticated materials, applications and products emerge, the global market for bioplastics is predicted to grow continuously over the next years. According to the latest market data compiled by European Bioplastics in collaboration with nova-Institute, global production capacities of bioplastics are predicted to grow from around 6.6 million tonnes in 2016 to ∼8.5 million tonnes by 2021. Biobased, non-biodegradable plastics, such as biobased polyethylene and biobased polyurethanes are in the lead, while polylactic acid and polyhydroxyalkanoates (PHA) will be the major growth driver in the field of biobased and biodegradable plastics (Carus and Aeschelmann 2017) . Although bioplastics are mostly manufactured from first-generation sugars, new technologies are being developed that use agroindustrial waste or lignocellulosic materials or even gaseous feedstocks such as methane or CO 2 as carbon source. In a circular economy approach, CO 2 and renewable energy are obviously the only abundant sources of carbon and energy on the long term and the ultimate sustainable resources for plastic industry.
PHA are biological polyesters that are mainly produced by microbial fermentations, and find broad applications in among others food packaging, agricultural and medical uses. They can be synthesised by a variety of organisms as an intracellular storage material from renewable resources. Polyhydroxybutyrate (PHB) is a homopolymer of 3-hydroxybutyrate and is the most widespread and best characterised member of the PHA family. PHB displays a number of interesting properties comparable to petroleum-based polymers such as polypropylene (Bugnicourt et al. 2014) . The most frequently applied cultivation method for PHB production consists of cell growth under favourable growth conditions, followed by PHB production under imbalanced growth conditions. While most work was carried out using organic substrates as carbon source, attempts to produce PHB from CO 2 with H 2 as an energy source and O 2 as electron acceptor have also been undertaken. Two cultivation methods exist for autotrophic PHB production by Cupriavidus necator. The first cultivation method (i.e. autotrophic-autotrophic PHB production process) uses a gas mixture of CO 2 , H 2 and O 2 for both cell mass growth (CH 1.74 O 0.46 N 0.19 
Independent of the cultivation method, a high cell-density culture with high PHB content and PHB productivity keeping the O 2 concentration in the gas phase below the lower level of explosion for avoiding gas detonation is a prerequisite for industrial scale application. Higher cell mass concentration and lower gas concentration however inherently implicates an increased risk of mass transfer limitation, causing premature shifting to PHB production phase in the fully autotrophic cultivation system or incomplete PHB accumulation in the heterotrophic-autotrophic process. The latter cultivation system seems a more promising approach for the conversion of CO 2 to PHB as higher cell mass concentration and growth rate can be obtained in the growth phase under heterotrophic conditions compared to autotrophic conditions. Garcia-Gonzalez et al. (2015) indeed demonstrated that PHB production from CO 2 on waste glycerol-grown cell mass under conditions relevant for industrial application resulted in the highest reported PHB concentration synthesised from CO 2 .
Autotrophic PHB production involves the use of CO 2 , O 2 and H 2 . While the latter two can be supplied from electrolysis of water using renewable power and will be rather pure, this is much less the case for CO 2 , especially when provided from industrial point sources. So far, most of the experimental work has been conducted using pure, synthetic CO 2 as carbon source. In contrast, tests with real off-gases or investigations addressing the impact of gaseous impurities on the bioprocess performance and polymer properties have never been reported to the best of our knowledge. Because gas feedstock characteristics (flows, CO 2 level, impurities) differ depending on industry, location, etc., they are however essential to evaluate the compatibility of the processes with various point sources, to gain insight in the pretreatment requirements, to scale up the processes and assess the replication potential towards other industrial sectors and emissions.
The first objective of this study was therefore to determine and compare the key performance parameters of autotrophic PHB production process using either pure synthetic CO 2 or industrial off-gases sampled at two point sources. The second objective was to characterise the biopolymers obtained from the different CO 2 sources and compare them with commercial polymers produced from organic carbon sources.
MATERIALS AND METHODS

Organism, media and inoculum preparation
Cupriavidus necator DSM 545 was used as microorganism. Culture media and inoculum (preculture 1 and 2) were prepared as previously described in Mozumder et al. (2014) . All chemicals were purchased from Sigma Aldrich (Germany).
Industrial CO 2 sources
Two industrial sources were chosen for this study. The first one was a bioethanol plant located in Belgium. The second industrial source was a biogas plant located in the Netherlands, equipped with an amine scrubber to recover and enrich the CO 2 . The CO 2 off-gases were sampled at both sites, compressed to 40 bars in 0.050 normal cubic metre (Nm 3 ) bottles (i.e. Nm 3 is the volume of that gas measured under the standard conditions of 0 • C and 1 atm). The gas bottles were transported to the laboratory where they were used as carbon source for polymer production (see Section 'Two-phase heterotrophic-autotrophic cultivation of PHB').
Set-up
The set-up for heterotrophic-autotrophic production of PHB, detailed in Garcia-Gonzalez et al. (2015), consisted of a bioreactor, online gas analysis system and gas control system.
Two-phase heterotrophic-autotrophic cultivation of PHB
Phase 1 (i.e. biomass growth) of the two-phase heterotrophicautotrophic experiments was carried out according to GarciaGonzalez et al. (2015) . The temperature, agitation speed and pressure were set at respectively 30 • C, 50 rpm and 1 bar. The dissolved oxygen concentration (DO) was maintained around 55% of air saturation using a cascade control strategy consisting of air and/or oxygen flow. The pH was controlled at 6.80 by adding acid (2 M H 2 SO 4 ) or base (20% NH 4 OH). As a consequence, the nitrogen concentration was maintained between 0.6 and 0.7 g/l. The glucose concentration in the fermentation medium was controlled at 12 g/l using a two-phase substrate feeding strategy. This feeding strategy consisted of 10 h of exponential feeding of glucose (Merck, Germany, 650 g/l) followed by glucose feeding based on alkali addition which was coupled with NH 4 OH feeding for pH control (Mozumder et al. 2014) . When the residual biomass concentration deviated 5 g/l from the targeted biomass concentration, the glucose addition was stopped to allow full consumption of the residual glucose concentration and N limitation was induced by replacing ammonium feeding with 5 M NaOH for pH control. When the nitrogen concentration was ∼<100 mg/l, the agitation speed was increased to 1200 rpm and CO 2 , H 2 and O 2 were continuously sparged to the bioreactor to keep the gas composition in the head space constant at a ratio of H 2 :O 2 :CO 2 = 84:2.8:13.2 vol% as stated in Garcia-Gonzalez et al. (2015) . H 2 and O 2 were purchased from air products (grade BIP, purity 5.7), while either pure synthetic CO 2 or the sampled CO 2 off-gases were used as carbon source. Under the abovementioned conditions, nitrogen became limited, triggering biopolymer synthesis (phase 2). The head space of the bioreactor was kept at an overpressure of 80 mbar during the biopolymer production phase. Samples were taken at regular time intervals for analysis during fermentation.
Analytical procedures
The concentrations of glucose, ammonium (NH 4 + -N), cell mass (expressed as cell dry mass, CDM) and PHB were determined as previously described (Mozumder et al. 2014) .
PHB extraction and characterisation
The biopolymers were extracted using chloroform and purified by precipitation in cold ethanol as described in Mozumder et al. (2014) . Following the biopolymers were characterised by means of gel permeation chromatography (GPC), differential scanning calorimetry (DSC), thermogravimetry (TGA) and proton nuclear magnetic resonance spectroscopy ( 1 H NMR) as stated in GarciaGonzalez et al. (2015) .
Calculations
The residual cell concentration (RCC) was calculated as the difference between CDM and PHB concentration. The PHB content was defined as the percentage of the ratio of PHB concentration to CDM concentration. The PHB productivity was calculated as the PHB concentration divided by the duration of the fermentation.
RESULTS AND DISCUSSION
This study aimed to determine the bacterial performance on industrial off-gases and the effect on the polymer qualities for autotrophic PHB production, and to compare with PHB synthesised from pure gases and commercial polymers produced from organic carbon sources. Both aspects are from utmost importance: the process efficiency directly influences the economic viability of the process, while the product characteristics affect the applications. Given the current high production costs (4€/kg), high value-added utilisations (e.g. biomedical devices, biocreams acting as base of cosmetic formulations, and 3D printing filaments) rather than high-volume uses (e.g. as an environmental-friendly alternative to the fossil plastics in the production of packaging and consumer goods materials) are targeted to allow faster penetration into the market. For these applications, the polymer's qualities are even more stringent. Two off-gasses of different composition, flow and industrial activity, were chosen for this study. Preference was given to use highly concentrated off-gases to avoid dilution of the CO 2 concentration in the final gas mixture required during fermentation. Furthermore, such high purity sources provide sufficient volumes of CO 2 to cover the current and upcoming CO 2 demand for chemical materials at a comparatively low capture cost of 33€/ton (Naims 2016) . The first source of waste CO 2 originates from a bioethanol plant. Bioethanol is produced from the fermentation of six-carbon sugars (e.g. glucose) by yeasts. During fermentation, 1 mol of glucose is decomposed into 2 mol of ethanol and 2 mol CO 2 . Typically, the CO 2 produced from fermentation processes is a saturated gas, at low to atmospheric pressure, at a concentration of 99.5 vol%. The impurities are organic compounds, such as ethanol, methanol and sulphur compounds including H 2 S and dimethyl sulphide (Xu, Isom and Hanna 2010) . As second industrial source, a biogas plant was chosen. The biogas typically contains 60% of methane (CH 4 ) and 35%-40% of CO 2 . Besides the main components, biogas also contains H 2 S and other sulphide compounds, siloxanes, and aromatic and halogenated compounds (Rasi 2009 ). The selected site was particularly interesting because an additional amine gas treatment is applied on the biogas to separate CH 4 from CO 2 . This delivers a gas stream of 97.8 vol% CO 2 with several inorganic trace gases and trace elements as mentioned above. In both industrial sources, CO 2 was thus present in a less pure form compared to the synthetic CO 2 with purity of ≥99.9997%, used for the reference process.
Effect of real off-gases on performance of autotrophic PHB production process
Since the biomass growth phase was similar for all experiments and used glucose as an organic carbon source (data not shown) (Mozumder et al. 2014; Garcia-Gonzalez et al. 2015) , the discussion is focused on the second autotrophic phase of PHB production, where three different qualities of CO 2 (pure, CO 2 off-gas from bioethanol plant and CO 2 off-gas from biogas plant) were applied. Autotrophic PHB production was evaluated at three different cell mass concentrations. Shifting to the PHB production phase was done at low, intermediate and high biomass concentration (CDM). As illustrated for PHB production using industrial CO 2 off-gas from a biogas plant in Fig. 1 (top) , no lag phase was observed at low and intermediate RCC and the cells immediately started to accumulate PHB due to nitrogen limitation. The biomass concentration (CDM) increased significantly due to PHB accumulation and showed a maximal value after 70 h of Figure 1 . Time course of the autotrophic PHB cultivation process using industrial CO2 off-gas from a biogas plant. Time zero denotes the start of the second phase (i.e. biopolymer production) in the two-phase heterotrophic-autotrophic cultivation process with the shift to phase 2 occurring at 8 g/l CDM (top) and 28 g/l CDM (bottom). CDM, cell dry mass; PHB, polyhydroxybutyrate; RCC, residual cell concentration. autotrophic cultivation. The RCC slightly decreased, most likely due to the dilution effect of the formed side product H 2 O or cell decay. The biomass (CDM) and PHB concentration reached 21 and 15 g/l, respectively, resulting in a PHB content of 73%. The average yield of PHB over CO 2 (Y PHB/CO2 ) was 0.47 g PHB/g CO 2 , which is close to its theoretical value of 0.49 g PHB/g CO 2 . When triggering PHB synthesis at a higher RCC (Fig. 1, bottom) , a long lag phase of 28 h was observed, after which the cells started to accumulate PHB. The fermentation was however unfortunately ended prematurely due to an unexpected power shut off, resulting in incomplete PHB accumulation.
The essential process parameters for the three qualities of CO 2 are summarised in Table 1 . It is apparent that the bacterial performance was not affected by the industrial off-gases but e PHB productivity, calculated as the PHB concentration divided by the duration of the fermentation. f PHBPURE CO2 , PHB produced using pure, synthetic CO2. g PHBCO2-source2, PHB produced using industrial CO2 off-gases from a biogas plant. h PHBCO2-source1, PHB produced using industrial CO2 off-gases from a biorefinery plant.
rather by the CDM at the switching point from biomass growth (phase 1) to PHB production (phase 2). The results show that independently of the CO 2 source, maximal PHB content and PHB productivity were obtained when nitrogen limitation was imposed at low CDM (5-8 g/l). Delaying nutrient limitation at intermediate CDM (15 g/l) reduced the fermentation performance in terms of PHB content and productivity. Under these conditions, the PHB content reached 63% by the end of the fermentation cycle when using CO 2 off-gas from the bioethanol plant for instance, whereas only 41% of the biomass consisted of PHB when using pure CO 2 . From an industrial, economic, societal and environmental point of view, a higher PHB content is more interesting, as this facilitates the extraction process, lowers the energy use for water removal and reduces the amounts of chemicals, used per CDM, for extraction in the downstream processing section. The lower PHB content in the latter case can probably be attributed to the shorter test duration. A decrease of PHB content with increasing cell mass concentration at the time point of shifting to the PHB production phase was also observed by Garcia-Gonzalez et al. (2015) and Tanaka and Ishizaki (1994) . Interestingly, the highest PHB concentration of all tests was observed with the CO 2 off-gas from the bioethanol plant at intermediate CDM. This is a desirable feature because it positively affects the downstream processing costs. At high CDM, biomass growth showed an inhibition effect, decreasing the overall productivity. Delaying nutrient limitation from low (8) to high (28) g/l CDM resulted in a lag phase (see Fig. 1 ) and significantly lowered the instantaneous productivity from 0.499 to 0.180 g/lh to produce the same amount of polymer (11 g/l), indicating mass transfer limitations. This is in line with our previous findings where it was demonstrated that PHB production from CO 2 at high cell mass concentration (45 g/l) was metabolically feasible, but did not occur due to mass transfer limitations of O 2 . In this study, however, it was shown that PHB accumulation still occurred at an onset of 28 g/l CDM-which is twice as high as previously reported , and occurred at the same productivities as observed for the intermediate CDM range (15 g/l) . The experiment was unfortunately ended prematurely due to an unexpected power shut off, resulting in incomplete PHB accumulation. To investigate if the cells would resume PHB accumulation after the power shut off, autotrophic fermentation was continued. The cells started to accumulate PHB up to 61%, which is similar to the final PHB content achieved at the intermediate onset CDM (data not shown). The results underline the importance of timing of nutrient limitation: shifting to the biopolymer production phase at intermediate CDM resulted in a high PHB concentration and PHB content, while at low CDM a high PHB productivity was obtained. At too high CDM, a lag phase or no accumulation occurred. This inhibition effect by biomass concentration was also described in Belfares et al. (1995) and Mozumder et al. (2015) . One of the most likely causes of the inhibitory effect of biomass concentration could be the presence of (an) excreted metabolite(s) that attain(s) an inhibitory level at a high biomass concentration (Belfares et al. 1995) .
A higher productivity leads to a smaller fermenter size for a given biopolymer production capacity and will thus lower the investment costs (CAPEX). A higher PHB concentration and content will facilitate concentration and purification steps to reach the desired final product quality. It is expected to reduce both CAPEX-thanks to smaller sizes of the unit operations-and OPEX-lower energy use for water removal, lower solvent use for extraction, etc. at higher PHB levels-in the downstream processing section. The current experimental results show a tradeoff between productivity and PHB concentration and content. A thorough techno-economic assessment will thus have to determine the optimum conditions for minimal PHB production costs.
Effect of gas impurities on PHB's characteristics
Three groups of signals characteristic for PHB homopolymer were observed for all the samples. The doublet at 1.2 ppm was attributed to the methyl group, the doublet of the quadruplet at 2.5 ppm to the methylene group and the multiple at 5.2 ppm to the methyne group (Oliveira et al. 2007; Rodríguez-Contreras et al. 2013) . The above analysis clearly confirmed that the polymer produced from pure CO 2 (PHB PURE CO2 ) or CO 2 off-gases (PHB CO2-source1, PHB CO2-source2 ) was the PHB homopolymer. This is consistent with previous findings for PHB produced from CO 2 as the sole feedstock (Ishizaki, Tanaka and Taga 2001; GarciaGonzalez et al. 2015) . In all spectra, two other signals at 1.6 and 7.2 ppm were observed which are due to water and chloroform, respectively.
The number-average molecular weight (M w ) of the PHB samples (PHB PURE CO2 , PHB CO2-source1, PHB CO2-source2 ) was between 329 , PHB produced using pure, synthetic CO2. e PHBCO2-source1, PHB produced using industrial CO2 off-gases from a biorefinery plant. f PHBCO2-source2, PHB produced using industrial CO2 off-gases from a biogas plant. g PHBBIOMER, commercial PHB produced by Biomer. h PHBCO2, PHB produced using CO2 as feedstock by Volova et al. (2013) . i PHBINDUSTRIAL S.A. , commercial PHB produced by PHB Industrial S.A.
and 392 kDa, and the polydispersity index (PDI) was between 2.2 and 2.4 (Table 2 ). Dynamic evolution of the M w should elucidate if the slightly lower molecular weight of PHB from pure, synthetic CO 2 is due to the shorter test duration. The measured molecular mass and PDI values in this study are in the same range as for CO 2 -based PHB previously reported in the literature (Volova et al. 2013; Garcia-Gonzalez et al. 2015) and commercial PHB samples produced from organic substrates (PHB BIOMER , PHB INDUSTRIAL S.A ).
A typical average M w of PHB produced from wild-type bacteria is indeed usually in the range of 10-3000 kDa with a PDI of around 2 (Sudesh, Abe and Doi 2000; Khanna and Srivastava 2005) . This indicates that the use of real off-gases did not affect the molar mass distribution of the biopolymers.
An overview of the thermal properties, analysed by DSC and TGA, is summarised in Fig. 2 and Table 3 . Conform earlier findings (Wellens et al. 2013; Garcia-Gonzalez et al. 2015) , multiple melting peaks were observed in the melting behaviour of CO 2 -based biopolymers, indicating the presence of different interlamellae dimensions in the crystallites, and differences in the microstructure of the polymers. The DSC curve of PHB produced using pure, synthetic CO 2 (PHB PURE CO2 ) showed a shoulder at the lower temperature side, while the biopolymers produced from industrial CO 2 off-gases (PHB CO2-source1, PHB CO2-source2 ) had a more bimodal curve. PHB from pure, synthetic CO 2 had slightly lower melt temperatures, which could be attributed to the lower molecular weight of the sample. The degradation temperature (T d ) and degree of crystallinity (X c ) were similar for the polymers produced in this study. Thus, it can be concluded that the use of off-gases did not affect the thermal properties of the CO 2 -based biopolymers. Furthermore, the thermal properties are in accordance with those of commercial PHB (PHB BIOMER , PHB INDUSTRIAL S.A. ) produced from organic substrates and PHB reported in the literature (Bugnicourt et al. 2014) . Typically, PHB displays a crystallinity degree of 60%-70%, high T m of 175
• C and glass transition temperature (T g ) of 2
• C (Bugnicourt et al. 2014) .
Potential for CO 2 abatement
Autotrophic production of PHB on biomass grown on glucose has the potential to mitigate 1.58 ton CO 2 /ton PHB (Equations 2 and 3), while commercial PHB (i.e. produced from glucose) emits at least 2.81 ton CO 2 /ton PHB according to the mass balances. In 2015, the bioethanol production in Europe was estimated at 5840 million litres. This corresponds to ∼4.4 Mton of emitted CO 2 (Flach et al. 2016) . If only 5% of the emitted CO 2 was captured and converted to PHB, CO 2 -based PHB production could amount to 140 kton per year. This is twice the current PHA market and Figure 2 . DSC analysis of PHB produced using industrial CO2 off-gas from a bioethanol plant (PHBCO2-source1). Glass transition temperature (Tg), melting temperature (Tm) and total melting enthalpy ( Hm) were determined from the second heating run of the endothermic peaks.
